BACKGROUND: Glioblastoma (GBM) is the most malignant primary brain tumor. Relapse occurs regularly, and the clinical behavior seems to be due to a therapy-resistant subpopulation of glioma-initiating cells that belong to the group of cancer stem cells. Aldehyde dehydrogenase (ALDH) has been identified as a marker for this cell population, and we have shown previously that ALDH1A3-positive GBM cells are more resistant against temozolomide (TMZ) treatment. However, it is still unclear how ALDH expression mediates chemoresistance. MATERIALS AND METHODS: ALDH1A3 expression was analyzed in 112 specimens from primary and secondary surgical resections of 56 patients with GBM (WHO grade IV). All patients received combined adjuvant radiochemotherapy. For experimental analysis, CRISPR-Cas9-induced knockout cells from three established GBM cell lines (LN229, U87MG, T98G) and two glioma stem-like cell lines were investigated after TMZ treatment. RESULTS: ALDH1A3 knockout cells were more sensitive to TMZ, and oxidative stress seemed to be the molecular process where ALDH1A3 exerts its role in resistance against TMZ. Oxidative stress led to lipid peroxidation, yielding active aldehydes that were detoxified by ALDH enzymatic activity. During the metabolic process, autophagy was induced leading to downregulation of the enzyme, but ALDH1A3 is upregulated to even higher expression levels after finishing the TMZ therapy in vitro. Recurrent GBMs show significantly higher ALDH1A3 expression than the respective samples from the primary tumor, and patients suffering from GBM with high ALDH1A3 expression showed a shorter median survival time (12 months vs 21 months, P < .05). CON-CLUSION: Oxidative stress is an important and clinically relevant component of TMZ-induced therapeutic effects. Cytotoxicity seems to be mediated by aldehydes resulting from lipid peroxidation, and ALDH1A3 is able to reduce the number of toxic aldehydes. Therefore, we present a molecular explanation of the role of ALDH1A3 in therapeutic resistance of human GBM cells.
Introduction
Glioblastoma multiforme (GBM) is the most malignant brain tumor [1] . The standard therapy consists of surgical resection followed by combined radiochemotherapy using the alkylating agent temozolomide (TMZ) [2, 3] . Despite advances in multimodal treatment options, the overall prognosis of patients with GBM remains poor, with a median survival of approximately 12-15 months [4] . The unfavorable prognosis is primarily due to regular tumor relapse, and ca. 90% of malignant gliomas regrow at the site of the original tumor location [5] . Strong intrinsic resistance against adjuvant therapy facilitates tumor cell survival, which is the main reason for regular tumor recurrence [6] . A variety of mechanisms of drug resistance have been suggested in GBM [7] .
Aldehyde dehydrogenases (ALDHs) are a group of enzymes responsible for metabolizing endogenous and exogenous aldehydes to carboxylic acids. ALDHs have been characterized as markers of cancer stem cells and indicators of worse prognosis in multiple types of cancers [8] [9] [10] . However, it is unclear how ALDH expression mediates chemoresistance since ALDHs are not directly connected to DNA repair pathways.
Here we show that oxidative stress is a relevant component of TMZinduced therapeutic effects and that ALDH1A3 is involved in the reaction to reactive oxygen species (ROS). ROS can react with the polyunsaturated fatty acids of lipid membranes and induce lipid peroxidation (LPO), which is the major process of oxidative degradation of lipids [11] .
Cytotoxicity seems to be mediated by aldehydes resulting from LPO, ultimately leading to cell death, and ALDH1A3 is able to reduce the extent of toxic aldehydes. Therefore, we present a molecular explanation for the role of ALDH1A3 in therapy resistance of human GBM cells. These results are corroborated by clinical data showing increased ALDH1A3 levels in GBM operations from recurrent tumors.
Materials and Methods
Cell Culture, Reagents, and Antibodies Human glioblastoma cell lines LN229, U87MG, and T98G and glioblastoma stem-like cells X01 and T84 were cultured as previously described [12] . TMZ, N-acetylcysteine (NAC), and bafilomycin were obtained from Sigma (Munich, Germany). 4-Hydroxynonenal (HNE) was from Cayman Chemical (Hamburg, Germany). Antibodies against HNE were obtained from Abcam (England, UK); ALDH1A3 (mouse) and LC3 from Novus Biologicals (Abingdon, UK); ADLH1A3 (rabbit) and p62 from Thermo Fisher Scientific (Munich, Germany); and phospho-H2A.X (Ser139), vinculin, and HRP-conjugated secondary antibody from Cell Signaling Technology (Frankfurt, Germany).
CRISPR-Cas9 Knockout
LN229, U87MG, and T98G cells, respectively, were transfected with CRISPR-Cas9 plasmid pSpCas9(BB)-2A-GFP (PX458) (Addgene plasmid #48138) with ALDH1A3 single-guided RNA as previously described [12] .
Cell Viability Assay and Cell Cycle Analysis LN229, U87MG, and T98G cells, respectively, were seeded in 96-well plates and treated with different concentrations of TMZ (100-500 μM) either alone or with 2 mM NAC for 5 consecutive days. The cell viability was measured by MTT assay (Sigma, Munich, Germany) as previously described [12] . For cell cycle analysis, cells were fixed in cold 70% ethanol for 30 minutes at 4°C and subsequently treated with RNase. Finally, the cells were stained with PI solution (50 μg/ml) for 5-10 minutes at room temperature and analyzed by flow cytometry (FACS Calibur instruments, BD Biosciences, Heidelberg, Germany).
ROS Assay
ROS production was measured using the OxiSelect Intracellular ROS Assay Kit (Cell Biolabs, Heidelberg, Germany). LN229, U87MG ,and T98G cells, respectively, were seeded on black 96-well plates and treated with TMZ (100-500 μM) either alone or with 2 mM NAC for 4 consecutive days. Subsequently, cells were treated with DCFH-DA/media solution at 37°C for 30 minutes followed again by TMZ (100-500 μM) either alone or with NAC treatment for 30 minutes. The fluorescence was read with a fluorometric plate reader at 480 nm/530 nm.
Lipid Peroxidation Detection
Lipid peroxidation was investigated by measuring malondialdehyde (MDA) levels using MDA Assay Kit (Sigma, Munich, Germany). Briefly, cells were homogenized on ice in 300 μl of the MDA Lysis Buffer containing 3 μl BHT. A total of 200 μl supernatant from each sample was mixed with 600 μl TBA solution and incubated at 95°C for 60 minutes; 200 μl from each reaction mixture was taken for colorimetric detection (532 nm).
Western Blot Analysis, Aldefluor Assay, and Proximity Ligation Assay (PLA)
Western blot analysis, Aldefluor assay (Stem Cell Technologies, Cologne, Germany), and PLA using Duolink In Situ Red Starter Kit Mouse/Rabbit (Sigma, Munich, Germany) were performed as previously described [12] .
Immunofluorescence
Glioblastoma cell lines LN229, U87MG, and T98G, respectively, grown on glass coverslips were treated with 300 μM TMZ for 5 consecutive days and then fixed 30 minutes after last TMZ treatment or 1 hour after 30-μM HNE treatment. After washing, cells were blocked in blocking buffer (PBS, 1% BSA, 0.1%Triton X-100, 0.01%Tween, 0.02% sodium azide, 2.5% donkey serum) for 30 minutes at room temperature. Subsequently, cells were incubated with primary antibodies (anti-HNE 1:500 and anti-p62 1:500) overnight at 4°C followed by second antibody incubation (1:500). Finally, cells were stained with Hoechst dye (dilute 1:10,000 in PBS) and mounted with Aqua Poly/Mount (PolySciences), ready for fluorescence imaging (Zeiss HBO 100 Upright Fluorescence Microscope, Munich, Germany).
Immunohistochemistry of GBM Tissue Samples
A total of 112 specimens from 56 patients with GBM (IDH wild-type, WHO grade IV) were collected with patients' consent (according to the TUM medical faculty guidelines for tissue preservation) at the Klinikum Rechts der Isar, Munich, Germany. All patients underwent primary and secondary surgical resection, and standard adjuvant combined chemoradiotherapy with TMZ after primary surgery. Immunohistochemistry was performed as previously described [13] . Briefly, tissue sections (5 μm) were stained with ALDH1A3 antibody (1:600) and assigned expression scores using a modified immunoreactivity score system [14] : negative (0), ≤10% (1), 11%-25% (2), 26%-50%, and ≥51% (4).
Statistical Analysis
Three independent experiments of each assay were conducted to validate results. t tests were used for statistical analysis for comparison of unpaired groups and normally distributed data. P values <.05 were regarded as statistically significant.
Results

ALDH1A3 Knockout Glioblastoma Cell Lines Are More Sensitive to TMZ, But the Difference Can Be Eliminated by Scavenging Oxidative Stress Products
After treatment with different dosages of TMZ (100 μM-500 μM) either alone or with NAC for 5 consecutive days, the survival rates of ALDH1A3 WT and KO cells were measured by MTT assays ( Figure 1A ). ALDH1A3 KO cells were more sensitive to TMZ compared with WT cells, and this difference was significant especially at dosages ≤300 μM. The elimination of oxidative stress products by NAC led to dramatic improvement of the cell survival rates and diminished the difference between WT and KO cells in both LN229 and U87MG cells. T98G cells were more resistant against TMZ compared with the two other cell lines. These results were corroborated by cell cycle analysis ( Figure 1B ). G 2 /M arrest after TMZ treatment was more pronounced in ALDH1A3 KO cells compared with WT cells in all three cell lines, and the differences were diminished by the addition of NAC. All results indicate that the cytotoxicity of TMZ may partly be due to oxidative stress and that ALDH1A3 plays an important role in the response to oxidative stress-induced cytotoxicity. Using an antibody directed against the phosphorylated form of histone H2A.X as an indicator of DNA damage, we observed no significant differences in DNA damage between WT and KO cells after treatment with increasing dosages (100 μM-500 μM) of TMZ (data not shown).
Higher Levels of HNE-Modified Proteins and MDA Are Detected in ALDH1A3 Knockout Cells Compared with WT Cells After TMZ Treatment
The amount of free radical molecules detected by in vitro ROS/RNS assay increased under TMZ treatment in a dose-dependent manner, but no significant differences between ALDH1A3 WT and KO cells were visible W. Wu et al.
Translational Oncology 13 (2020) 100748 Figure 1 . Cell survival and cell cycle analysis after TMZ treatment (A) Quantitative results of MTT assays in LN229, U87MG, and T98G cells, respectively. ALDH1A3 depletion led to a significant decrease of cell survival at 100 μM and 300 μM TMZ. The addition of NAC neutralized the effect and eliminated the difference between ALDH1A3 WT and KO cells in both LN229 and U87MG cells (100 μM TMZ, approx.50% WT vs 30% KO to 80% in both WT and KO in LN229 cells, approx.55% WT vs 40% KO to 80% in both WT and KO in U87MG cells. 300 μM TMZ, approx.40% WT vs 30% KO to 60% in both WT and KO in LN229 cells, approx. 35% vs 20% to 70% in both WT and KO in U87MG cells). In T98G, the addition of NAC improved the overall survival rate to approx. 80%-90% at TMZ dosages ≤300 μM and approx. 70% at 500 μM. Untreated cells served as control for 100% viability. Three independent experiments were conducted for each treatment group; each bar indicates the mean ± SD. *, P < .05; **, P < .01;***, P < .001. (B) Cell cycle analysis of LN229, U87MG, and T98G cells, respectively. Treatment with 300 μM TMZ led to significant G 2 /M arrest, and the effect was more pronounced in KO cells. The addition of NAC reduced the cell cycle arrest and diminished the difference between ALDH1A3 WT and KO cells. WT, wild type; KO, knockout.
( Figure 2A ), indicating that ALDH1A3 mainly acts downstream of ROS production. The addition of NAC led to significant reduction to control levels without TMZ treatment.
Using OxiSelect TBARS assay, TMZ induced an increase of the cytotoxic aldehyde MDA, and MDA levels were significantly higher in ALDH1A3 KO cells compared with WT cells. This result shows that ALDH1A3 is effective in detoxifying MDA. The effect abrogates at 500 μM TMZ due to ALDH1A3 downregulation by autophagy. NAC co-treatment dramatically reduced the production of active aldehyde MDA to control levels without TMZ treatment in both WT and KO cells.
HNE is a major product of lipid peroxidation and confers cytotoxic effects of oxidative stress. By Western blot analysis using an anti-HNE antibody, we investigated the presence of HNE-modified proteins after TMZ treatment. In line with OxiSelect TBARS assay, the amount of HNE-modified proteins in ALDH1A3 KO cells was higher than in WT cells, further verifying the detoxifying role of ALDH1A3 ( Figure 2C ).
Overall, our results suggest that ALDH1A3 might play a major role by detoxifying toxic aldehydes of oxidative stress and lipid peroxidation.
TMZ-Induced Oxidative Stress Leads to Autophagy and ALDH1A3 Degradation
We found a significant reduction of ALDH1A3 protein and an enhancement of autophagy after TMZ treatment that could be blocked by NAC treatment ( Figure 3A ). Most importantly, ALDH1A3 levels were also significantly recovered by the oxidative stress scavenger. In line with this observation, aldefluor assay showed decreased ALDH enzyme activity with TMZ treatment alone but also recovered after NAC treatment ( Figure 3B ). The oxidative stress scavenger NAC restored ALDH activity Figure 2 . Oxidative stress and lipid peroxidation after TMZ treatment To investigate ROS production in ALDH1A3 WT and KO cells, in vitro ROS/RNS assay was conducted based on the oxidation of DCFH to highly fluorescent 2′,7′-dichlorodihydrofluorescein. The OxiSelect TBARS assay based on MDA-TBA adducts was used to investigate lipid peroxidation levels in cells. Quantitative results of ROS/RNS assay (A) and TBARS assay (B). TMZ treatment led to significant increase of ROS production (A) and MDA content (B) in all three cell lines. No difference of ROS was observed between ALDH1A3 WT and KO cells, but the difference of MDA content was significant in all three cell lines. The addition of NAC dramatically counteracted the effect of TMZ and eliminated the difference between ALDH1A3 WT and KO cells. Each bar indicates the mean ± SD. *, P < .05; **, P < .01;***, P < .001. (C) Western blots using antibodies against ALDH1A3 and HNE-modified proteins. Vinculin served as loading control. The cells were treated with 100 μM TMZ for 5 days. The proteins were isolated 30 minutes after last treatment; 30-μM HNE treatment for 1 hour served as positive control. More HNE-modified proteins could be observed in ALDH1A3KO cells than WT cells. Figure 3 . ALDH1A3 and autophagy after TMZ treatment. (A) Western blots after treatment with 500 μM TMZ or 2 mM NAC or in combination for 5 days. Downregulation of ALDH1A3, upregulation of LC3-II, and downregulation of p62 were observed in all three cell lines after TMZ treatment but could be restored by co-treatment with NAC. (B) Aldefluor assays after treatment with 500 μM TMZ either alone or with 2 mM NAC for 5 consecutive days. ALDH activity decreased after TMZ treatment but could be restored by NAC co-treatment. ALDH activity decreased from 21.7% to 8.79% with TMZ treatment alone and recovered to 20.6% with TMZ/NAC co-treatment in LN229 cells. ALDH activity decreased from 8.96% to 1.54% with TMZ treatment alone and recovered to 4.44% with TMZ/NAC co-treatment in U87MG cells. ALDH activity decreased from 3.33% to 1.24% with TMZ treatment alone and recovered to 2.9% with TMZ/NAC co-treatment in T98G cells. Diethylaminobenzaldehyde served as negative control. and diminished the difference between WT and KO cells in every cell line. These results show that TMZ induces autophagy and that oxidative stress is most likely the reason for autophagy and ALDH1A3 degradation.
We hypothesized that the end products of lipid peroxidation could be the direct cause of autophagy since autophagy is directly involved in the clearance of defective proteins. By PLA, we observed a proximity between HNE-modified proteins and both p62 and ALDH1A3 (Figure 4 ). In addition, co-immunofluorescence of p62 and HNE confirmed the colocalization ( Figure 5 ). These results indicate that HNE-modified proteins are processed to autophagy and final degradation. ALDH1A3 is downregulated in the same process either due to aldehyde binding during enzyme function or by direct HNE modification.
ALDH1A3-Positive Cells Are Enriched in Tumor Relapse In Vivo and After TMZ Treatment In Vitro
By immunohistochemistry ( Figure 6A ), specimens of recurrent GBM from 56 GBM patients showed significantly higher ALDH1A3 expression levels than the respective samples from the primary tumor of the same patient ( Figure 6, B and C) . ALDH1A3-positive cells are more resistant to the TMZ chemotherapy after first surgery, and it is therefore most likely that these cells survive the adjuvant therapy and form the resistant subpopulation responsible for tumor relapse. In 41/56 cases, patients' survival times were available, and we observed that patients suffering from ALDH1A3 high expression tumors have significantly shorter survival times compared with patients with low ALDH1A3 expression tumors based on the analysis of the specimens of the recurrent GBMs ( Figure 6D ). These findings indicate that high ALDH1A3 expression correlates with worse prognosis.
To confirm this hypothesis experimentally, we investigated the ALDH1A3 regulation in established cell lines and in glioma stem-like cell lines ( Figure 6E ). The population of surviving tumor cells showed both higher ALDH1A3 expression levels after TMZ treatment (500 μM for 5 consecutive days) and recovery for additional 5 days. These results indicate that ALDH1A3 plays an important role in the TMZ chemoresistance phenotype of malignant gliomas.
Discussion
Aldehyde dehydrogenases of the ALDH1 subfamily have previously been identified as markers of cancer stem cells that constitute the most therapy-resistant subpopulation of tumor cells. Moreover, in GBM, ALDH1 is not only a biomarker for this resistant cell population but is directly involved in the molecular mechanisms that lead to TMZ resistance [15] . However, it is still unclear how ALDH expression mediates chemoresistance since ALDHs are not directly connected to DNA repair.
In the present study, we corroborate our previous findings [12] that ALDH1A3 is an important regulator of chemoresistance in glioma cells since ALDH1A3 knockout cells were more sensitive to TMZ treatment compared with wild-type cells. We further show that oxidative stress leads to lipid peroxidation, yielding active aldehydes including MDA and HNE that are detoxified by ALDH enzymatic activity. The reduction of reactive oxygen species by a scavenger blocked the acute cellular effects of TMZ. During the metabolic process, autophagy is induced most likely by the molecular interaction of aldehydes with ALDH1A3 leading to downregulation of the enzyme. Interestingly, ALDH1A3 is restored in the oxidative stressfree time interval after TMZ treatment in vitro, and in vivo recurrent GBMs show significantly higher ALDH1A3 expression than the respective samples from the primary tumor of the same patient. These data indicate that ALDH1A3 plays an important role in the TMZ chemoresistance phenotype of malignant gliomas.
ALDH1A3 depletion in knockout cells rendered the glioblastoma cell lines more sensitive to TMZ. The addition of the oxidative stress scavenger NAC restored the cell viability, diminished G2/M cell cycle arrest, and eliminated the difference between ALDH1A3 WT and KO cells. Therefore, oxidative stress seems to be a critical component of TMZ-mediated cytotoxicity, and ALDH1A3 plays a role in the processes induced by ROS. These results were independent of MGMT status since NAC increased the survival rate in both MGMT-negative LN229 and U87 and in MGMTpositive T98G cells, indicating that oxidative stress effects are independent of the alkylating effect of TMZ. Oxidative stress has not been investigated in detail as therapeutic aspect of chemotherapy, although it is well known that several side effects of chemotherapy are caused by drug-induced oxidative stress. Examples include cardiac toxicity of doxorubicin [16] , skeletal myopathy due to long-term administration of azidothymidine [17] , and multiorgan toxicity by cis-diamminedichloroplatinum (cisplatin) [18] .
There was no significant difference of ROS production between ALDH1A3 WT and KO cells, indicating that oxidative stress is the upstream factor and ALDH1A3 has no effect on ROS production. Significantly higher MDA levels and higher incidence of HNE-modified proteins in ALDH1A3 KO cells imply that ALDH1A3 mainly contributes by detoxifying bioactive aldehydes from lipid peroxidation. ALDHs are regarded as "aldehyde scavengers" under different biological conditions since they are able to metabolize a wide range of chemically and structurally diverse aldehydes [19, 20] .
The difference of lipid peroxidation products also diminished between ALDH1A3 WT and KO cells at high concentrations of TMZ treatment. However, we have shown previously that ALDH1A3 decreases in a dosedependent manner after TMZ treatment by autophagy [12, 21] . In the present experiments, ALDH1A3 was almost absent after 500 μM TMZ, and aldehyde levels compensate between ALDH1A3 WT and KO cells at higher TMZ concentrations.
It is not clear how TMZ induces autophagy and how ALDH1A3 could be degraded in this process. We could show that autophagy is caused by TMZinduced oxidative stress since co-treatment with NAC significantly reduced the level of autophagy. It has been shown by others that aldehydes like HNE are capable of inducing autophagy [22] . The role of toxic aldehydes is under discussion in different pathologies, and it has been suggested in Parkinson's disease that HNE is increased and autophagy is promoted [23, 24] .
The molecular mechanisms that integrate ALDH1A3 in autophagy have not been investigated in detail. Autophagy is physiologically induced for disposal of damaged molecules or organelles. It is most likely that the formation of aldehyde-modified proteins triggers autophagy after TMZ therapy. ALDH1A3 could be degraded by autophagy as an enzymatic complex bound with an aldehyde or as one of the aldehyde-modified proteins. The association between HNE and ALDH1A3 in autophagy is substantiated by the results of the PLA and co-immunoprecipitation in the present study indicating proximity of both ALDH1A3 and p62 with HNE-modified proteins.
The expression of ALDH1A3 clearly protects tumor cells against TMZ treatment. Here, we show experimentally that ALDH1A3 is restored in the time interval after TMZ treatment, and protein levels were much stronger in TMZ treated cells compared with untreated controls. These effects were also visible in situ. In our cohort of pairs of samples from primary and relapse GBM operations, we found significantly higher ALDH1A3 expression levels in the recurrent tumors, and patients with high ALDH1A3 showed significantly shorter survival times, indicating that ALDH1A3 constitutes the therapy-resistant subpopulation of glioblastoma cells both in vitro and in vivo. In conclusion, we demonstrate that ALDH1A3 confers chemoresistance of glioblastoma cells against TMZ and that it is mediated by its function of detoxifying activated aldehydes resulting from lipid peroxidation induced by oxidative stress after TMZ treatment. ALDH1A3 protein expression is regulated by autophagy and restored after finishing TMZ treatment. The role of ALDH1A3 seems to be functional not only in vitro but also in vivo since ALDH1A3 is upregulated in recurrent GBM and high expression correlates with shorter survival times. Immunohistochemistry examples for intensity (0 = absent, 1 = weak, 2 = moderate, 3 = strong) and percentage of positive cells (0 = negative, 1 = ≤10%, 2 = 11%-30%, 3 = 31%-50%, 4 = ≥51%). Integrate score = intensity × percentage. (B) Specimens from recurrent GBM showed higher expression of ALDHA3 than the respective samples of the primary tumors. (C) The scores of primary tumor and relapse tumor from each patient, respectively. (D) Patients with ALDH1A3 high expression (integrate score > 4, n = 28) show shorter median survival time than those with ALDH1A3 low expression (integrate score < 5, n = 13) (median survival time for patients with ALDH1A3 high expression: 16 months, those with low expression: 21 months, P < .05). (E). Western blots of established cell lines (LN229, U87MG, T98G) and glioma stem-like cell lines (T84, X01) after treatment with 500 μM TMZ for 5 consecutive days with and without 5-day recovery time in fresh medium (5 days on = without, 5 days off = with recovery). TMZ treatment diminished ALDH1A3 expression but restored it to higher levels than the control in the recovery groups.
